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Seismic risk assessment and hazard mitigation for urban infrastructures located in seismic regions is a challenge
faced by many countries around the world, especially those with infrastructures known for their variability in
seismic resistance and quality of construction. Two recent major earthquakes that hit the densely populated
urban areas in Northwest Turkey resulted in a large-scale destruction and loss of life. Scientific studies indicate
that the probability of occurrence of another severe and destructive earthquake along the North Anatolian Fault
near Istanbul is quite high in the next thirty years. This situation presents a serious threat to the large building
stock and their occupants, lifelines, and critical facilities in Istanbul and adjacent areas. The criticality of the
situation is exacerbated by the fact that the existing structures in these areas are known to have high variability
in their seismic resistance, which makes it difficult to estimate the potential losses in case of a major earthquake.
Limited time and funds do not allow for a detailed evaluation of the entire inventory of structures according to
seismic codes. Thus, there is an urgent need for a systematic strategy that will allow for a reliable assessment
of the seismic hazard risk of existing structures through an effective and economical methodology. Prioritization
of these structures according to their hazard risk, and implementation of the necessary mitigation measures are
required. This paper presents the methodologies and advances in large-scale seismic risk evaluation and hazard
reduction, and identifies the needs for further research.

Keywords: Earthquakes, structures, vulnerability, seismic risk, risk assessment, retrofit, advanced technolo-
gies.

1. Introduction urgent need for a systematic strategy that will
allow for a reliable assessment of the seismic haz-
ard risk of existing structures through an effec-
tive and economical methodology. Prioritization
of these structures according to their hazard risk,
and implementation of the necessary mitigation
measures are required. A general outline of such
a strategy and associated technical, administra-

Two recent major earthquakes that hit the
densely populated urban areas in Northwest
Turkey (Aug. 17, 1999 Kocaeli Earthquake,
Mw=7.4, and Nov. 12, 1999 Duzce Earthquake,
Mw=7.2) resulted in a large-scale destruction and
loss of life. Scientific studies indicate that the
probability of occurrence of another severe and tive. and research needs were summarized in a
destructive earthquake along the North Anato- rece,nt report by the National Earthquake Coun-
lian Fault, near Istanbul, is 62 £ 15% within the sel of Turkey [3]. As stated in this report, the
next 30 years [1]. This presents a serious threat ’
to the large building stock and their occupants,
lifelines, and critical facilities in Istanbul and ad-
jacent areas. Furthermore, existing structures in
these areas are known to have high variability
in their seismic resistance, making it difficult to
estimate the potential losses in case of a major
earthquake. Limited time and funds do not al-
low for detailed evaluation of the whole inven-
tory of structures according to the ”Specification
for Structures to be Built in Disaster Areas” [2]
hereafter referred to as the Turkish Earthquake
Code. Under these circumstances, there is an

risk assessment and mitigation strategy to be de-
veloped must benefit from the existing worldwide
knowledge and experience in this area as much as
possible, however, this knowledge and expertise
must be adapted and further developed to meet
the conditions specific to Turkey. This paper
presents the methodologies and recent advances
in large-scale seismic risk evaluation and hazard
reduction, with emphasis on large inventory of
structures with high characteristic variability in
their seismic resistance.
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2. Problem Statement and Research Needs

According to the State Statistics Institute
(DIE) of Turkey, the total number of buildings in
Istanbul is around 870,000, approximately 11%
of the total number of buildings in Turkey [4].
Including those in the adjacent seismic regions,
this number reaches well over one million. More
than three quarters of the buildings in the Is-
tanbul region are frame type of buildings that
were constructed within the last thirty years as
shown in Fig. 1.a and b, respectively. Although
this raises some optimism about the condition
of the building stock considering that a modern
seismic code was enforced in 1975 [5], there are
concerns regarding the material and construction
quality, and problems with seismic detailing. In
addition to the building stock, the region con-
tains a fairly developed network of transporta-
tion systems, utility systems, and a large number
of critical facilities such as army installations and
hazardous material storage sites. Ensuring the
safety of the structural inventory and their occu-
pants against a major earthquake is an enormous
challenge given the time frame and available eco-
nomic resources. However, it is essential that an
optimized systematic effort must be given to min-
imize the potential losses to the possible extent.
The priority needs for seismic hazard reduction of
the building stock in Istanbul and other seismic
regions include:

e Seismic demand characterization through
hazard analysis and microzonation,

e Vulnerability and risk assessment of the ex-
isting infrastructure and population for a
design earthquake,

e Rapid identification and prioritization of
the structures with insufficient seismic re-
sistance,

e Seismic retrofitting of deficient structures
using efficient and cost effective techniques,

e Development and enforcement of appropri-
ate policies on land use, seismic design,
retrofit design, and construction,

e Educating the public, students, and practi-
tioners at various levels about seismic risks
and loss reduction issues.
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Figure 1. Distribution of the building stocks in Is-
tanbul and Turkey by type and age (a) distribution
or buildings by type (b) distribution of buildings by
age.

In conducting the requirements of these prior-
ity needs, a coordinated effort by several state
agencies is essential in order to gather the nec-
essary data and information regarding the faults,
seismicity, geology, available structural inventory
and population density.

3. Seismic Risk Assessment and Loss Esti-
mation

Seismic risk assessment and loss estimation is
an essential first step to seismic hazard reduc-
tion for a large structural inventory. Knowing the
seismic risk and potential losses allows for proper
budgetary planning, raising public awareness, as-
sessment and allocation of the necessary man-
power for mitigation and disaster management
operations, educating the public and profession-
als on preparedness and mitigation, and priori-
tization of retrofit applications [6]. Components
of seismic risk assessment and loss estimation are
(1) Hazard analysis; (2) Local site effects (micro-
zonation); (3) Exposure information (structural
inventory); (4) Vulnerability analysis; (5) Esti-
mation of risk and loss [7-10]. These components
are briefly described in the following subsections.

3.1. Hazard Analysis

Hazard analysis is the process of quantitatively
estimating the ground motion at a site or region of
interest based on the characteristics of surround-
ing seismic sources. This study falls primarily
within the disciplines of geology and seismology
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Figure 2. Tllustration of hazard analysis and result-
ing hazard map (a) graphical illustration of hazard
analysis (b) a hazard map of Marmara region (Frankel
et al., 1999).

with input from civil engineering [11]. In this
respect, the term seismic hazard has a technical
meaning restricted to the behavior of the ground,
apart from any effects on the built environment.
The basic methodology of hazard analysis is com-
prised of source modeling, wave attenuation, and
local ground amplification, which are graphically
illustrated in Fig. 2.a. Seismic hazard may be
analyzed deterministically for a scenario earth-
quake, probabilistically, which explicitly consid-
ers the earthquake size, location, and time of oc-
currence, or a stochastic approach may be taken
[12, 13]. Probabilistic assessment of seismic haz-
ard involves determining either the probability
of exceeding a specified ground motion, or the
ground motion that has a specified probability of
being exceeded over a particular time period. Ac-
cordingly, output of the hazard analysis is either
a curve showing the exceedance probabilities of
various ground motions at a site, or a hazard map
that shows the estimated magnitude distribution
of ground motion that has a specific exceedance
probability over a specified time period at a re-
gion. Such a hazard map developed by [14] is
shown in Fig. 2.b for demonstration. By devel-
oping the hazard maps in the GIS (Geographical
Information System) format, prediction of local
ground motion parameters can be automated for
designers’ use [15].

3.2. Local Site Effects and Microzonation

Local geologic and soil conditions can signif-
icantly influence ground motion characteristics
such as magnitude, frequency content, and du-
ration [12, 13]. Accurate assessment of local site
conditions is essential in determining the ground
motion parameters as well as the potential of lig-
uefaction and ground failure. Consideration of
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Figure 3. Site-specific response spectra based on
soil shear wave velocity (a) subsurface soil profile and
shear wave velocity (b) response spectra for different
soil conditions.
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Figure 4. A structural inventory classification sys-
tem (ATC, 1985; FEMA, 1999).

the local site condition results in the development
of a site-specific response spectrum to be used in
the structural analysis and design. Fig. 3.b shows
the typical response spectra for different soil con-
ditions, which are determined based on the aver-
age soil shear wave velocity as illustrated in Fig.
3.a. Seismic design codes including the Turkish
Earthquake Code [2] and International Building
Code [16] classify soils into groups according to
their properties including strength, penetration
resistance, and shear wave velocity. Measuring
these properties over a dense grid, and combin-
ing with hazard analysis, a detailed soil map can
be developed that reveals not only the soil pa-
rameters required to obtain site-specific response
spectra, but also the potential of liquefaction and
ground motion. The process of developing such
detailed maps is called microzonation.

3.3. Exposure Information

Exposure is the value of the structures and con-
tents, business interruption, lives and other valu-
ables that may lead to a potential loss in a seis-
mic event. Depending on the scope of the risk



Advances in Earthquake Risk Assessment and Hazard Reduction for ...

Hoderabe Extensive
- High srismic
Light i E—i" y e demand
koo, E‘JE nm%ﬂ Q%| g |Low seamic
> lioEey = # | demand o
i |vgjnoye &) @ 5 €3 Sweng sructuse
| @ - ] 2
& = il e
O/ BT @ &
e e - {
BT Collapse i)} Weale sracture (3
> L
Bool dsplaement, & Spectral dinplacemast
(a) (b)

Figure 5. Structural vulnerability and damage states
for various levels of seismic demand (a) damage states
shown on V-D curve (b) damage levels based on seis-
mic demand.

assessment study, exposure may include a single
building with its occupants and contents, or may
include all constructed facilities in a region in-
cluding all buildings with their occupants and
contents, lifelines, and utility systems. Build-
ing exposure information for a region requires a
standard systematic inventory system that clas-
sifies the structures according to their type, oc-
cupancy, and function so that realistic estimates
of seismic risk and loss can be made. Such an in-
ventory data collection and classification system
was developed for California and was reported in
ATC-13 [17]. This system, which was also uti-
lized in the HAZUS Earthquake Loss Estimation
Methodology and Software [15], is summarized
in Fig. 4. A similar inventory system can be
adapted for building the exposure information in
seismic regions of Turkey.

3.4. Vulnerability Analysis

Vulnerability can simply be defined as the sen-
sitivity of the exposure to seismic hazard(s). The
vulnerability of an element is usually expressed
as a percentage loss (or as a value between zero
and one) for a given hazard severity level [7]. In
a large number of elements, like building stocks,
vulnerability may be defined in terms of the dam-
age potential to a class of similar structures sub-
jected to a given seismic hazard. Vulnerability
analysis reveals the damageability of the struc-
ture(s) under varying intensity or magnitudes of
ground motion. Multiple damage states are typ-
ically considered in the analysis. Fig. 5.a shows
the damage states of a building based on the ap-
plied base shear, which can be determined as a
function of the seismic demand. The roof dis-
placement - base shear curve, also called the ca-
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Figure 6. Uncertainties in seismic performance and
use of fragility curves (a) uncertainities in seismic ca-
pacity and demand (b) fragility curves for various
damage states.

pacity curve, shown in this figure represents the
nonlinear behavior of a building under increasing
load or displacement demand. The damage state
of the building varies between none to collapse un-
der increasing levels of demand, which is graph-
ically illustrated in Fig. 5.a. A relatively more
convenient representation of the damage states is
provided in Fig. 5.b by overlaying both building
capacity and seismic demand curves on a differ-
ent set of axes showing spectral displacement vs.
spectral acceleration. Two different capacity and
seismic demand curves are shown in the figure.
Intersection of the capacity and demand curves
represents the damage state likely to be experi-
enced by the structure. As can be seen from the
figure, the strong structure is likely to suffer from
light to moderate damage due to the low seismic
demand, and moderate to extensive damage due
to the high seismic demand. On the other hand,
the weak structure is expected to suffer from mod-
erate to extensive damage due to low seismic de-
mand, and collapse during the high seismic de-
mand due to insufficient seismic resistance.
Methods of vulnerability analysis vary based
on the exposure information and the complex-
ity of the approach. Vulnerability of structures
to ground motion effects is often expressed in
terms of fragility curves or damage functions that
take into account the uncertainties in the seis-
mic demand and capacity. Fragility functions can
be developed for buildings or its components de-
pending on how detailed the risk analysis is per-
formed. Early forms of fragility curves were devel-
oped as a function of qualitative ground motion
intensities largely based on expert opinion. Re-
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cent developments in nonlinear structural analy-
sis have enabled development of fragility curves as
a function of spectral parameters quantitatively
related to the magnitude of ground motion. Fig.
6.a shows the typical seismic demand and struc-
tural capacity curves together with their uncer-
tainties expressed in terms of probabilistic distri-
butions. Based on these curves and the associ-
ated uncertainties, the fragility curves shown in
Fig. 6.b can be constructed for various damage
states. Since each damage level is associated with
a repair/replacement cost, the probabilistic esti-
mates of the total cost can be estimated using
these curves once the hazard is known. This can
be achieved by use of predefined representative
fragility curves developed for structures in the
same class, or custom damage curves developed
through nonlinear analysis of individual struc-
tures.

Construction of the fragility or damage curves
is the key element in estimating the probability
of various damage states in buildings or build-
ing components as a function of the magnitude
of a seismic event. Thus, development of realistic
fragility curves for the building stock and lifelines
in seismic regions of Turkey constitutes an essen-
tial part of a meaningful seismic risk analysis.

3.5. Determination of Seismic Risk and
Loss

The standard definition of risk is the probabil-
ity or likelihood of damage and consequent loss to
a given element at risk, over a specified period of
time. It is important to note the distinction be-
tween risk and vulnerability. Risk combines the
expected losses from all levels of hazard sever-
ity, also taking their occurrence probability into
account, while vulnerability of an element is usu-
ally expressed for a given hazard severity level [7].
Loss is defined as the human and financial conse-
quences of damage, including injuries or deaths,
the costs of repair, or loss of revenue. The distinc-
tion between risk and loss is often very loose and,
based on their definition, these terms are some-
times used interchangeably. Since the standard
definition of risk is a probability or likelihood of
loss, between zero and one, it may be more ap-
propriate to express risk as

Risk = Hazard x Vulnerability (1)

while loss depends on the value of the exposure
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Soil and Structural Data Possibl e analysis and risk assessment studies
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+ Caoluran, beam, and wall dimens ons
¢ Concrete strength (on site)
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detailed soil maps

+ Structurd drawings
« Accurate exposure information

Table 1
Data needed for various levels of analysis and risk
assessment.

at risk, given by

Loss = Hazard x Vulnerability x Exposure (2)

Thus, while seismic hazard is purely a product
of natural processes, seismic risk and loss are de-
pendent on the vulnerability and societal expo-
sure in terms of the built environment, human
population, and value of operations.

4., Seismic Risk Evaluation of a Building
Stock and Retrofit Prioritization

Seismic risk assessment of large building stocks
can be conducted at various levels depending on
the objectives, size of the building stock, available
time, and economical constraints. For a rapid
and approximate assessment of general seismic
risk and probable loss, a rapid visual screening
of the building stock is sufficient to gather the
necessary data. As the accuracy and reliability of
the desired risk assessment study increases, more
detailed soil and structural data is necessary to
allow for detailed analyses. Table 1 summarizes
the site and structural information needed to con-
duct various levels of seismic risk assessment. In
the following subsections, structural evaluation
approaches of increasing reliability and complex-
ity are briefly described.

Visual screening leads to a rapid evaluation of
building stocks with minimal information require-
ment, suitable for an overall approximate risk
assessment. Such a methodology is reported in
FEMA 154 [18], according to which the screened
structures are assigned a structural score based
on location, structural type, age, height, occu-
pancy type, and visible irregularities. Subsequent
risk assessment relies on statistical damage data
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from previous seismic events for typical building
classes. A similar methodology is developed by
[19] for buildings in Turkey. This methodology
is useful in the sense that it provides a general
information about the building stock, identifies
buildings requiring priority attention due to seri-
ous structural irregularities, and it allows for an
approximate risk assessment and loss estimation
so that budgetary planning can be conducted in
advance. The main disadvantage is that little in-
formation can be obtained about the risk of indi-
vidual buildings since the general risk assessment
is based on statistical data.

Approzimate analysis requires basic struc-
tural information in addition to visual screening
methodology such as the dimensions of columns,
beams and shear walls, which can be determined
from building drawings or measurements, usually
on the ground floor. Where building drawings are
not available, minimum reinforcement is assumed
in the structural elements. Concrete strength is
usually assumed a conservative value, however,
on site (e.g. Windsor probe) or laboratory mea-
surement, of concrete strength is more appropri-
ate for buildings in areas known for variability
in material properties. The lateral seismic de-
sign loads on the building are calculated using the
static equivalent load method and distributed to
the floors according to seismic codes. The calcu-
lated load demand is compared with the lateral
load capacity of the floor determined either indi-
vidually for each member, or as a whole by sim-
plifying the building system to one of the forms
shown in Fig.7. The former requires distribution
of the floor load to members according to their
rigidities. Evaluation of the building is performed
by means of a seismic index, Is, determined by a
ratio between the total allowable lateral load and
the probable lateral seismic load demand, given
by

- )
This evaluation is generally performed for ground
floor only for savings in time and labor. In case
it is performed for each floor, the most critical
index is assigned for the building. Detailed in-
formation on approximate structural evaluation
may be found in FEMA [20-23]. A significant
advantage of approximate structural evaluation
methodologies, other than considerable time sav-
ings compared to detailed analysis methods, is

I, =
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Figure 7. Simplified equivalent building systems for
approximate analysis.

the ability to perform a first level prioritization,
based on the level of lateral load resistance, for a
detailed analysis or retrofit application.

Detailed evaluation through linear analysis
methods is the most commonly used approach
since most seismic codes (e.g.[2, 16]) require use
of these methods. Based on detailed structural
information, member forces under design loads
are determined and compared with their ultimate
strength. With this methodology, it is possible
to accurately determine the overstressed members
under design loads; however, it is difficult to as-
sess the seismic risk of the building at the system
level. Thus, although this method is useful in
prioritizing deficient structures, it may not yield
sufficient information needed for determining the
optimum retrofit strategies. The current trend is
to use the nonlinear analysis techniques, which
require approximately the same amount of data,
but more engineering effort and expertise com-
pared to the approaches based on linear analysis
techniques.

Detailed evaluation wusing nonlinear analysis
provides the most accurate and reliable risk as-
sessment, loss estimation, and retrofit optimiza-
tion practices at the expense of detailed site,
structural, and material information, longer com-
putation times, and a higher level of technical
expertise. The linear analysis methodology de-
scribed above is an integral part of this methodol-
ogy. By considering the nonlinear inelastic behav-
ior of structural members under increasing loads,
this methodology can predict the nonlinear be-
havior of the structural system much more real-
istically compared to linear analysis techniques.
Determining the nonlinear structural behavior al-
lows for performance-based design, which results
in significant savings in seismic retrofit applica-
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Figure 8. Seismic safety evaluation of buildings using
nonlinear analysis (a) evaluation based on equivalent
static load (b) evaluation based on performance level.

tions [24, 25, 10]. Fig. 8.a shows the typi-
cal roof displacement vs. base shear curve ob-
tained from nonlinear pushover analysis of build-
ings. Using this curve alone, one can perform
a preliminary evaluation of the structure’s seis-
mic safety by comparing its capacity with the
seismic demand determined using the equivalent
static load method described in seismic codes. A
better performance evaluation can be performed
by converting both the capacity curve and the
seismic demand spectrum to the acceleration-
displacement response spectrum (ADRS) format
formed as a relationship of spectral displacement
vs. spectral acceleration as shown in Fig. 8.b.
A further improved evaluation can be achieved
by obtaining a reduced inelastic response spec-
trum for the seismic demand to consider the in-
creased damping due to inelastic deformations in
the building [24].

The intersection of the capacity and demand
curves shown in Fig. 8.b is called the perfor-
mance point of the building. Based on the loca-
tion of this performance point, performance level
of the building is determined. The intervals of
spectral displacement that correspond to differ-
ent performance levels are also shown in Fig. 8.b.
The limits of the performance levels are deter-
mined by certain interstory drift values. If the
performance point is located in the initial por-
tion of the capacity curve where the inelastic de-
formations are not significant, which corresponds
to interstory drift values less than 0.01, the per-
formance level of the building is immediate oc-
cupancy, which is self-explanatory. For interstory
drift values between 0.01-0.02, the limits of which
are immediate occupancy and life safety levels,
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respectively, the performance level of the build-
ing is damage control. In this region, inelastic
deformations are expected in the building that
pose no significant threat to the stability of the
building and the safety of its occupants. Between
the life safety and structural stability levels, the
building performance level is described as limited
safety. Large inelastic deformations are expected
which may result in excessive cracking and fail-
ure of some structural members, which may pose
threat to occupants or result in local failures. Be-
yond the structural stability level, the collapse of
the building is imminent. From this discussion, it
is apparent that nonlinear analysis is a very con-
venient methodology for development of realistic
fragility curves as shown in Fig. 6.b.

Fig. 9 shows an example application of
pushover analysis to a ten story building in Is-
tanbul. The structural model of the building
is shown in Fig. 9.a. The building was con-
structed using smooth reinforcing bars, with a
design yield strength of 190 MPa, and the con-
crete strength was conservatively determined as
8 MPa from testing of concrete cores taken from
the building. Pushover analysis of the building
using these material properties yields the results
shown in Fig. 9.b. This figure shows no perfor-
mance point due to very low lateral load capac-
ity of the building. In its current situation, the
building is likely to become heavily damaged or
collapse under seismic design loads, and is in ur-
gent need of retrofitting. Fig. 9.c shows the result
of a second pushover analysis, which assumes de-
formed bars with the same size as smooth rebars,
and the concrete strength of 20 MPa as specified
in the design drawings. In this case, the lateral
load capacity of the building is high enough to
form a performance point, which indicates a dam-
age control performance level (see Fig. 8.b) and
no significant collapse potential. Thus, all other
parameters being the same, had deformed bars
were used instead of smooth bars as reinforce-
ment, with proper attention to concrete quality,
the building would require no intervention to in-
crease its seismic safety. This may be a frequently
encountered situation in certain areas, emphasiz-
ing the importance of developing realistic fragility
curves for risk assessment of large building stocks
with high characteristic variability.

The main research challenge regarding seismic
evaluation and prioritization of structures is to
maximize the accuracy and reliability of the eval-
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Figure 9. Seismic evaluation of a ten story building
using nonlinear pushover analysis.

uation procedure using methodologies as simple
as possible. In order to achieve this, there is a
need to perform pilot studies that involve both
approximate and detailed evaluation of structures
to gain insight into the performance of approxi-
mate methods and their correlation with the de-
tailed procedures. Nonlinear analysis methods
are known to provide the most detailed infor-
mation about structural performance. However,
these methods also suffer from certain drawbacks,
which must be well understood and taken into
consideration during structural evaluation stud-
ies [26, 27]. An important issue regarding use
of these methods for buildings with high charac-
teristic variability and inadequate seismic detail-
ing is the assessment of the deformation capac-
ity of structural members. The nonlinear behav-
ior models of structural members must be cus-
tomized to represent the true behavior of these
members for an accurate and reliable evaluation
of structural performance.

5. Use of Vibration Techniques in Seismic
Risk Assessment

Vibration techniques have long been under re-
search for their potential use in system identifi-
cation of building systems and identification and
localization of structural damage [28]. In seis-
mic risk assessment studies, these techniques may
prove effective in performing a rapid, realistic,
and cost effective assessment of building charac-
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teristics. The method involves measurement of
ambient vibrations using sensors and a data ac-
quisition system, and processing of the measured
data to obtain dynamic characteristics of the
building, such as its vibration frequencies, mode
shapes, and stiffness. These determined charac-
teristics, measured at the system level, readily
include all material and system variabilities. De-
termining the actual vibration frequencies of the
building not only results in more reliable estima-
tion of seismic design loads, but also allows for
a preliminary evaluation of the building by com-
paring the actual and expected vibration frequen-
cies. A simplified illustration of the application
vibration methods to buildings is shown in Fig.
10.a. Accelerometers are placed in the building,
usually on the top floor, to measure the acceler-
ation response of the building to ambient effects.
Generally, at least three unidirectional accelerom-
eters are used to determine the translational and
rotational vibration frequencies in a single experi-
ment. Additional sensors are usually required for
more detailed damage identification and localiza-
tion studies.

A generic flowchart of processing the vibra-
tion data for system characterization and damage
identification is shown in Fig. 10.b. The method-
ology to be used in system characterization de-
pends on the availability of input data (ambi-
ent effects). When both input and output data
are available, the eigensystem realization algo-
rithm with observer Kalman filter (ERA-OKID)
[29] method is generally preferred for its robust-
ness. When only the output data is available,
which is a more likely case, subspace identifica-
tion methods based on stochastic approach are
utilized [30]. Basic dynamic characteristics of the
system are obtained through eigensolution of the
frequency and mode shapes. Further information
about the system can be extracted through sep-
aration of stiffness from mass and damping, and
calculation of the truncated flexibility matrix of
the system. While system characterization stops
here, additional identification and localization of
damage requires the truncated flexibility matri-
ces obtained for both undamaged and damaged
states. Taking the difference of these matrices,
one obtains the incremental flexibility matrix,
from which damage identification and localization
can be performed using, for instance, the damage
locating vector (DLV) method [31, 32]. Provided
that a model of the building is available, an iter-
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ative model updating process can be conducted
for improved damage identification and localiza-
tion. The potential benefit of damage identifica-
tion and localization using vibration techniques
is illustrated in Fig. 11. Advances in sensor tech-
nology, wireless communication, and fast data
processing capabilities, combined with vibration
techniques and damage identification/ localiza-
tion algorithms may lead to continuous/periodic
health monitoring of structures and more efficient
emergency management after a seismic event.
Applications of vibration techniques and sys-
tem identification methods lag considerably be-
hind the theoretical developments. Thus, there
is a need for laboratory and field implementation
of vibration techniques, results of which may be
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verified and correlated using approximate and de-
tailed analysis procedures. Once established, vi-
bration techniques can effectively be used for ap-
proximate system level evaluation of structures
as well as for detailed damage identification and
localization in continuously monitored structures.

6. A Systems Approach to Large-Scale
Seismic Risk Assessment and Hazard
Mitigation

For risk assessment and retrofit prioritization of
structures in the seismic regions of Turkey, there
is an urgent need for a methodology that is rapid,
realistic, quantitative, and cost effective. Struc-
tural evaluation methodologies reviewed in the
previous section display a tradeoff between accu-
racy and rapidness. Thus, a staged approach may
prove to be the optimum solution that results in
a rapid and reliable seismic risk assessment that
is also cost effective. Stages of such a methodol-
ogy is shown in Fig. 11. The methodology be-
gins with development of a structural inventory
that contains site and structural data sufficient at
least to perform an approximate structural anal-
ysis (see Table 1). The general building stock
is evaluated using approximate structural anal-
yses to determine the seismic index of buildings
given by Eq. 3, which allows for a first level pri-
oritization for detailed analysis studies. At this
stage, system level dynamic characterization of
the buildings can be performed using simple vi-
bration techniques to determine the seismic de-
mand more accurately and to compare the appar-
ent and expected frequencies of the buildings as
an approximate indication of their seismic safety.
Those buildings with higher priority, i.e. low seis-
mic index are evaluated in detail using nonlin-
ear pushover analysis to determine their lateral
load capacity and the performance level. If the
performance level is beyond life safety level, in
the limited safety range (see Fig. 8.b), then a
retrofit decision is made for the building. Opti-
mum retrofit strategy is determined through iter-
ative nonlinear analysis of the structure for vari-
ous retrofit strategies. For structures at or close
to the life safety performance level, the risk of
collapse is relatively low. Thus, a risk assessment,
and loss estimation study can be performed for
such structures to make a retrofit decision based
on potential level of losses. This methodology al-
lows for a rapid screening of the structural inven-
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Figure 12. Methodology for Seismic Risk Assessment
and Prioritization.

tory directing attention and resources to struc-
tures with high seismic risk in through a cost ef-
fective retrofit measure.

It is important to note that the critical and es-
sential structures are given high priority from the
very beginning and evaluated in detail using non-
linear analysis methods, skipping approximate
analysis and prioritization. The performance cri-
teria for these structures are mainly in the imme-
diate occupancy level, beyond which retrofitting
is required.

There is a pressing need for development of an
established methodology for seismic risk assess-
ment, prioritization, and hazard reduction of ur-
ban infrastructures with high characteristic vari-
ability. The presented methodology may form a
basis for a more refined and customized method-
ology, which may be developed through imple-
mentations on representative sample of structures
in small pilot regions.

7. Methods for Seismic Retrofitting of
Structures

Retrofitting of existing structures with insuffi-
cient seismic resistance accounts for a major por-
tion of the total cost of hazard mitigation. Thus,
it is of critical importance that the structures that
need seismic retrofitting are identified correctly,
and an optimal retrofitting is conducted in a cost
effective fashion. Once the decision is made, seis-
mic retrofitting can be performed through several
methods with various objectives such as increas-
ing the load, deformation, and/or energy dissipa-
tion capacity of the structure [25]. Conventional
as well as emerging retrofit methods are briefly
presented in the following subsections.

7.1. Conventional Strengthening Methods

Conventional retrofitting methods include ad-
dition of new structural elements to the system
and enlarging the existing members [33]. Addi-
tion of shear walls and bracings shown in Fig.
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used for seismic retrofitting.

13.a is the most popular strengthening method
due to its effectiveness, relative ease, and lower
overall project cost compared to column and
beam jacketing shown in Fig. 13.b and c, re-
spectively. Relative effectiveness of various wall
and bracing configurations are compared in Fig.
13.a. From this figure, it is seen that post-cast
shear walls and steel braced frames are the most
effective strengthening techniques. Although the
latter is more effective due to its much higher duc-
tility, post-cast concrete shear walls are the most
commonly applied method due to their lower cost
and familiarity of the construction industry with
the method. Design of additional shear walls is
performed to resist a major fraction of the lateral
loads likely to act on the structure. This reduces
the demand on the beams and columns, hence
increasing their safety. Those still likely to be
overstressed are strengthened through concrete or
steel jacketing, which are relatively more labori-
ous applications. Fig. 14 shows applications of
various conventional strengthening methods such
as post-cast shear wall (a), additional founda-
tion to support the shear walls to be constructed
around the stairs (b), concrete jacketing of a col-
umn (c), and addition of column members to rem-
edy vertical irregularities (d). The main research
need associated with conventional strengthening
methods is optimization of the retrofit design
to achieve a satisfactory structural performance
level at a minimum cost based on reliably charac-
terized seismic demand and structural capacity.

7.2. Retrofit of Structures Using Innova-
tive Materials

Current research on advanced materials in civil

engineering are mainly concentrated on high per-



Oral Biiyiikoztiirk and Oguz Giineg

Figure 14. Applications of conventional strengthen-
ing methods (a) additional shear wall (b) additional
foundations (c) jacketing (d) additional columns.

formance concrete and steel, and fiber reinforced
plastic (FRP) composites. FRP composite mate-
rials have experienced a continuous increase of
use in structural strengthening and repair ap-
plications around the world in the last fifteen
years. High specific stiffness and specific weight
combined with superior environmental durabil-
ity of these materials have made them a com-
peting alternative to the conventional strengthen-
ing methods. It was shown through experimen-
tal and analytical studies that externally bonded
FRP composites can be applied to various struc-
tural members including columns, beams, slabs,
and walls to improve their structural performance
such as stiffness, load carrying capacity, and duc-
tility [34].

FRP composites have enjoyed varying degrees
of success in different types of applications. In
general, applications that allow complete wrap-
ping of the member with FRP have proven to
be effective. Wrapping of columns to increase
their load and deformation capacity is the most
effective and most commonly used method of
retrofitting with composites. However, certain
performance and failure mode issues regarding
different wrapping configuration and fiber orien-
tations, shown in Fig. 15, still need to be well
understood [35]. When wrapping is difficult or
not allowed, such as when strengthening beams,
slabs, or walls, success of the method is some-
times hindered by premature debonding failures
[36]. Fig. 16 shows the performance of beams
strengthened using pultruded FRP plates in var-
ious configurations. It can be seen from this fig-
ure that flexural strengthening of beams without
proper attention to brittle shear and debonding
failure modes not only renders the strengthening
application ineffective, but also harms the mem-
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ber by decreasing its ductility. This constitutes
one of the main factors, along with their high ma-
terial costs, hindering wide-range use of FRP ma-
terials [37, 36]. Such problems can be reduced
through proper design and anchorage of the ex-
ternal FRP reinforcement [38, 39, 40]. Thus, de-
cision makers must approach using these materi-
als with caution and must ensure that the design
is performed with adequate knowledge and skill,
and verified through laboratory testing.

Limited research and applications regarding
seismic retrofitting of building systems with
FRP composites have shown that composites
retrofitting does not significantly alter the stiff-
ness and dynamic properties of the building. The
main benefit of retrofitting with composites is the
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Figure 17. A retrofit application combining conven-
tional and composites retrofitting (a) 3-D building
model (b) wall stresses (c) after installation of (d) ad-
ditional FRP before retrofitting steel window frames
retrofitting.

increase in deformation capacity of the building,
and in its load capacity to an extent. This may
achieve the retrofit objectives for buildings with
lightly insufficient seismic resistance. For build-
ings with large seismic deficiencies, a combina-
tion of conventional and FRP strengthening tech-
niques may prove to be an effective retrofitting
solution. Fig. 17 shows such an application
where a historical school building in Istanbul was
retrofitted using steel and FRP composites. The
3-D computer model of the building is shown in
Fig. 17.a, the analysis of which revealed that
under seismic design loads excessive cracking is
expected around the openings in the exterior un-
reinforced concrete walls in the short direction
due to stress concentrations as shown in Fig.
17.b. As a practical and economical solution, the
retrofit design involved replacement of the exist-
ing window frames with structural steel frames
constructed from steel C-sections. A verification
analysis of the retrofitted building showed that
installation of steel window frames largely de-
creased the stress concentrations, but did not suf-
fice to reduce all stresses to acceptable levels. For
this reason, additional retrofitting was designed
using externally bonded FRP composites around
the openings in the walls to prevent or delay con-
crete crack propagation by bridging the stresses
at crack locations. Thus, by combining conven-
tional and innovative materials, an effective and
economical retrofit design was achieved that did
not significantly interfere with the function or his-
torical and architectural character of the building.

FRP composites are widely recognized for their
potential use in seismic retrofitting applications.
To achieve wide-range use of these materials,
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however, there is need for further research into
a number of issues related to mechanics, design,
and durability of FRP retrofitted concrete and
steel systems. Despite considerable progress in
these areas since early last decade [41], further
improvements are necessary to meet the needs of
the retrofit industry. Failure mechanisms, with
emphasis on brittle shear and debonding failures,
must be thoroughly understood and associated
design procedures must be incorporated in de-
sign codes. Influence of cyclic and fatigue loading
on the FRP strengthened member performance
must be characterized and accounted for in the
design process. Although FRP composites are
known for their favorable durability characteris-
tics, only limited information is available on long-
term durability and performance of FRP bonded
concrete and steel systems. These issues need to
be investigated through accelerated test studies
and related design, application and protection re-
quirements must be included in the design codes.

7.3. Base Isolation

The seismic base isolation technology involves
placing flexible isolation systems between the
foundation and the superstructure. By means of
their flexibility and energy absorption capability,
the isolation systems reflect and absorb part of
the earthquake input energy before this energy
is fully transmitted to the superstructure, reduc-
ing the energy dissipation demand on the super-
structure. Base isolation causes the natural pe-
riod of the structure to increase and results in
increased displacements across the isolation level
and reduced accelerations and displacements in
the superstructure during an earthquake. This
not only provides safety against collapse, but also
largely reduces damage, which is crucial for facil-
ities that should remain operational after severe
earthquakes such as emergency response centers,
hospitals, and fire stations [42-47]. Base isola-
tion can also be used in seismic retrofitting of
historic structures without impairing their archi-
tectural characteristics by reducing the induced
seismic forces. Fig. 18 shows the results of a
feasibility study for base isolation of a histori-
cal school building in Istanbul [48]. The struc-
tural system of the building is formed by thick
exterior unreinforced concrete walls resisting lat-
eral loads and interior steel frames carrying the
vertical loads. A combination of lead-plug rub-
ber bearings and natural rubber bearings were
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considered for the exterior walls and the interior
frames, respectively. The basic design philoso-
phy shown in (a) is to increase the fundamental
period of the structure so that the effective seis-
mic demand on the structure is less than that can
safely be resisted by the structure. Analysis re-
sults showing the deformed shape of the building
before and after the base isolation in (b) and (c),
respectively, make it clear that base isolation re-
duces the deformations and hence the stresses in
the building.

Base isolation is generally suitable for low to
medium rise buildings, usually up to 10-12 sto-
ries high, which have their fundamental frequen-
cies in the range of expected dominant frequen-
cies of earthquakes. Superstructure characteris-
tics such as height, width, aspect ratio, and stiff-
ness are important in determining the applica-
bility and effectiveness of seismic isolation. The
seismicity of the region and the underlying soil
conditions should also be considered in the feasi-
bility studies and design process. Base isolation
should be avoided in areas where expected funda-
mental frequencies of the earthquakes are in the
lower frequency domain or on soft soil sites where
amplification of low earthquake frequencies may
occur. One other constraint in the application of
base isolation is the large relative displacements
between the superstructure and the supporting
ground at the isolation level. A clearance around
the building must be provided and maintained
through the life of the structure to accommodate
the expected large displacements. Such displace-
ments may be reduced with the incorporation of
additional stiffness and energy dissipation mech-
anisms in the isolation system.
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The International Building Code [16] and
FEMA 356 [25] specify the methodologies accord-
ing to which seismically isolated structures can
be designed. Both the isolation system and the
isolated structure are required to be designed to
resist the deformation and stresses produced by
seismic events. Two levels of earthquake input
are considered in design. The design earthquake
(475-year return period) is used to calculate the
total design displacement of the isolation system
and the lateral forces and displacements of the
isolated structure, and the maximum considered
earthquake (1000-year return period) is used to
calculate the total maximum displacement of the
isolation system to ensure its integrity even at
extreme ground shaking. Deformation charac-
teristics of the isolation system is required to be
based on properly substantiated prototype tests
with predefined sequence and number of loading
cycles.

Seismic isolation is proven to be a very effective
method for protecting buildings and other struc-
tures against seismic hazards [45, 49, 47]. An im-
portant disadvantage of the method, however, is
that it cannot be applied partially to structures,
unlike most other seismic retrofitting methods.
For this reason, the cost of base isolation is often
significantly higher than alternative retrofitting
methods. This often limits the application of base
isolation to (1) special buildings, such as certain
industrial, research, public and hospital buildings
that contain sensitive equipment or strict oper-
ational and performance requirements, (2) his-
torical buildings, the architectural and historic
character of which may be harmed by alternative
retrofitting methods, (3) bridges, for which rela-
tively less number of isolators are required and
installation is easier. In order to increase the
cost competitiveness of base isolation for build-
ings, there is need for research in the areas of re-
ducing the application costs through efficient de-
sign and specialized equipment, and optimization
of isolator types, combination, and arrangement,.

7.4. Supplemental Energy Dissipation and
Structural Control

An alternative and often more cost efficient
retrofitting strategy compared to base isolation
is installation of supplemental energy dissipation
devices in structures as a means for passive or
active structural control [50-55,25]. The objec-
tive of structural control is to reduce structural
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Figure 19. Supplemental energy dissipation devices.

vibrations for improved safety and/or serviceabil-
ity under wind and earthquake loadings. Passive
control systems reduce structural vibration and
associated forces through energy dissipation de-
vices that do not require external power. These
devices utilize the motion of the structure to
develop counteracting control forces and absorb
a portion of the input seismic energy. Active
control systems, however, enhance structural re-
sponse through control forces developed by force
delivery devices that rely on external power to
operate. The actuator forces are controlled by
real time controllers that process the information
obtained from sensors within the structure. Semi-
active control systems combine passive and active
control devices and are sometimes used to op-
timize the structural performance with minimal
external power requirements. Fig. 19 shows the
basic principles of various control systems com-
monly used to control wind and seismic forces
acting on building structures.

The severity of seismic demand on a structure
is proportional to its stiffness and inversely pro-
portional to its damping or energy dissipation ca-
pacity. Thus, installing supplemental energy dis-
sipating devices in the structure reduces the seis-
mic demand and results in increased safety of the
structure and its contents from the damaging ef-
fects of earthquakes. In recent years, considerable
attention has been paid to research and develop-
ment of structural control devices, with particu-
lar emphasis on improving wind and seismic re-

o1

sponse of buildings and bridges. In both areas,
efforts have been made to develop the structural
control concept into a workable technology, and
as a result, such devices have been installed in
a variety of structures around the world. The
most challenging aspect of vibration control re-
search in civil engineering is the fact that this is
a field that requires integration of a number of
diverse disciplines, some of which are not within
the domain of traditional civil engineering. These
include computer science, data processing, con-
trol theory, material science, sensing technology,
as well as stochastic processes, structural dynam-
ics, and wind and earthquake engineering. These
coordinated efforts have facilitated collaborative
research among researchers from a diverse back-
ground and have accelerated the research to the
implementation process. Continued research is
essential in this area to develop effective and af-
fordable retrofitting solutions for structures with
insufficient seismic resistance.

A special concern regarding the use of energy
dissipation devices in structures with high char-
acteristic variability is the fact that the effective-
ness of such devices is dependent on the deforma-
tion capacity of the structure. For structures that
suffer from inadequate seismic detailing, which
translates into insufficient deformation capacity,
great caution must be exercised in use of these
devices for seismic retrofitting. A feasible solu-
tion may be to combine this technique with de-
formation enhancement measures to ensure their
effectiveness. This constitutes an important re-
search area with valuable potential contribution
and high potential benefits.

7.5. Effects of Seismic Retrofitting on
Structural Performance

The seismic retrofit techniques briefly pre-
sented in the preceding sections vary in the mech-
anisms that they decrease the seismic risk of
structures [24] Fig. 20 graphically illustrates
these mechanisms by means of their effects on the
seismic demand and structural capacity curves
shown in Fig. 8. These effects are presented in
the following paragraphs at a simplified concep-
tual level.

The typical effect of conventional strengthen-
ing methods is shown in Fig. 20.a. Conven-
tional strengthening applications generally lead
to an increase in both the stiffness and the lat-
eral load capacity of the structure. This is shown
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Figure 20. Effects of various retrofit measures on
structural performance.

by the capacity curve of the strengthened struc-
ture, Cs, which has a higher slope and peak com-
pared to the capacity curve before strengthen-
ing, C,. Due to the increased stiffness, which
translates into a decreased fundamental period,
the seismic demand on the structure is also in-
creased, as shown by the demand curve for the
strengthened structure, Dg, compared to that
for the unstrengthened structure, D,. Although
the capacity increase is partly alleviated by the
increase in seismic demand, the overall perfor-
mance of the structure is improved as shown by
the locations of the performance points on the
spectral displacement axis for before and after
strengthening. Increasing the overall deforma-
tion capacity of a structure is also an effective
seismic retrofitting method. Insufficient defor-
mation capacity of structural members is usually
increased through various measures such as pro-
viding additional confinement by additional stir-
rups or wrapping with FRP composites. Fig.
20.b shows the effect of deformation or ductil-
ity enhancement on the structural performance.
While the capacity curve of the structure prior to
retrofitting does not intersect the demand curve,
an intersection i.e. a performance point is ob-
tained after retrofitting. It is important to note
that since the stiffness and damping characteris-
tics of the structure are not significantly altered,
the demand curve remains essentially the same
after retrofitting.
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The effectiveness of seismic base isolation in in-
creasing the structural performance during seis-
mic events is shown in Fig. 20.c. Base isolation
significantly increases the effective fundamental
period and deformation capacity of the structure.
This is apparent from the capacity curve of the
base isolated structure, Cs, shown in Fig. 20.c. It
seems somewhat contradictory, however, that the
demand curve for the base isolated structure, Dy,
is shows as higher than the fixed-base condition,
D,,, since base isolation is known to decrease the
seismic demand on the structure. This is due to
the fact that the energy dissipation in a base iso-
lated structure is significantly different than the
same structure in fixed-base condition. Due to
relatively lower stiffness of the isolation system,
the effective damping for a certain spectral dis-
placement is lower in the base isolated structure,
resulting in a higher apparent seismic demand.
However, since the deformation capacity of the
structure is significantly increased, a major por-
tion of which taking place at the isolation level,
the building can safely tolerate this apparent in-
crease in the seismic demand, resulting in a sat-
isfactory performance level.

Seismic retrofitting of structures using energy
dissipation devices such as those shown in Fig.
19 result in an increase in the stiffness, load ca-
pacity, and effective damping of the structures.
Effects of these on the structural performance is
shown in Fig. 20.d. As can be seen from the fig-
ure, the effect of energy dissipation devices on the
capacity curve is similar to structural strength-
ening with conventional methods shown in Fig.
20.a. Additional advantage of using energy dissi-
pation devices is that the seismic demand on the
structure is also reduced due to increase in the
effective damping of the structure. Comparing
the seismic demand curves before (D, ) and after
(Dy) retrofitting in Fig. 20.a and d, it is appar-
ent that use of energy dissipation devices results
in a more desired performance level compared to
conventional strengthening methods.

Selection of a particular retrofitting technique
depends on the seismic demand, structural ca-
pacity, the required performance level, functional
characteristics and the importance of the struc-
ture. The main challenge is to achieve a de-
sired performance level at a minimum cost, which
can best be achieved through a detailed nonlinear
analysis as demonstrated by Fig. 8 and the above
discussions. Ideally, each structure must be eval-
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uated in detail to determine the optimum retrofit
strategy compatible with its characteristic. In the
case of large building stocks, however, a classifica-
tion of structures according to their current and
required performance levels may lead to develop-
ment of common standardized retrofit strategies
for structures in the same group, which in turn
may prove to be a more rapid and cost effective
overall methodology.

8. A Futuristic Vision: e-quake

Recent advances in computational resources
and processing techniques have opened up new
horizons for effective risk assessment, hazard mit-
igation, and emergency management of existing
infrastructures in urban areas. A research initia-
tive at the Massachusetts Institute of Technology
(ML.I.T.) deals with large-scale disaster manage-
ment in urban areas with current focus on earth-
quake impact simulation by means of a proto-
type information system called e-quake [56]. The
objective of the e-quake system is to simulate a
city’s response to an earthquake by generating
digital models of urban infrastructure. The sys-
tem framework includes integration of informa-
tion management, advanced modeling of physical
systems, and decision-making. Through manage-
ment of information from multiple heterogeneous
data sources (e.g. geographical, geological, seis-
mological, exposure, material, social, and human-
physical interaction data), e-quake is expected to
provide a comprehensive understanding of the in-
teractions between components of the complex
dynamic urban infrastructure system.

The main thrust areas of the e-quake system in-
clude modern information technology (IT), com-
putational analysis of complex dynamic systems,
and decision making/strategic emergency man-
agement. Role of information technology in the
general area of urban disaster and emergency
management is shown in Fig. 21. The IT com-
ponent of the e-quake system includes integration
of modern database technology to create a three-
dimensional virtual model of the city in different
layers that include hazard information and site
conditions, structures, utilities and lifelines, their
interactions, and population. A central challenge
in building a digital model of a city is the prob-
lem of managing the decision support services
and their vast amounts of associated information,
some of which is certain to be incomplete. While
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geographic information systems are becoming em-
powered by new standards for interoperability
over the web and advances in global position-
ing system (GPS) technology, e-quake promises
to even further empower information systems of
the future. These include advances in wavelet
techniques, which permit user interaction with
compressed data streams and the multi-scale rep-
resentation of 3D geometry, as well as the evo-
lution of object relational database management
systems to support core services such as finite el-
ement (FE) simulations.

In managing the large-scale heterogeneous
data, e-quake will operate as a mediator. E-quake
will query, monitor, transform, combine and lo-
cate desired information between the heteroge-
neous set of applications and data sources. Ex-
ternal sources like the HAZUS earthquake loss
estimation methodology and its GIS database
that provides physical and social data in the
form of 2D layers as well as CAD data files
with specific exchange file formats have to be
processed, analyzed and synthesized by domain-
specific database operators. Since mediators
understand application technology as well as
database terminology, e-quake will be able to
combine, and take advantage of both high-
level domain-specific data interaction and effi-
cient data management. Fig. 22 shows the in-
teraction of the e-quake simulator with various
integrated key modules.

Computational analysis capabilities of e-quake
include modeling of seismic wave propagation in
infinite soil domains and finite structures for accu-
rate seismic demand characterization, a complete
description of all conceivable failure modes of the
city at the geotechnical and structural level, and
multi-scale analysis of the defined system using
efficient wavelet or finite element methods. In-
stead of transferring data to FE applications, al-
most all functions of modern computational anal-
ysis are executed within the database. The state
of the art is set out by finite element programs
that model wave propagation in solids, contact
and friction problems, and that predict the fail-
ure on both material and structure level. In ad-
dition to these standard functions of a finite el-
ement analysis code, a multi-scale resolution al-
gorithm will be established. Thus, the mechan-
ical response, represented by a time dependent
displacement field, is given at different levels of
accuracy. An e-quake simulation can produce a
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Figure 21. Role of information technology in disaster and emergency management.

first approximation of the city’s response as well
as detailed information about local damage. E-
quake’s high computational performance results
from the modern database system. Managing the
whole input data, the object-oriented database
system will contain the FE-analysis kernels in the
form of a function that operates directly on the
database. Time consuming read and write opera-
tions will be reduced. In addition, parallelization
concepts for CPU intensive operation within the
database will be developed. Both integrated pro-
gram kernels and the parallelization concept will
lead to a database system with an extremely high
computational performance.

The summary key benefits of the e-quake sys-
tem will be: (1) generate the core technology
for future decision making based on management
of a distributed database system with hetero-
geneous data, (2) mechanical analysis of urban
environments subjected to catastrophic events,
(3) unique visualization possibilities such as walk
through a virtually damaged city, (4) integrated
communication technology that permits virtual
expert meetings and virtual site visits, (5) inte-
grated loss estimation capabilities and assistance
in optimized retrofit strategies.

9. Conclusions

Seismic risk assessment and hazard reduction
of urban infrastructures and population located

o4

CAD
FEM e-uake Visualization
Simulator City after disaster

Figure 22. Data exchange and flow in the e-quake
simulator.

in seismic regions is a challenge faced by numer-
ous countries around the world. The challenge
is relatively less pronounced for developed coun-
tries in which preparedness and mitigation ac-
tivities have been well under way, although the
Northridge and Kobe earthquakes have shown
that even the most prepared are vulnerable to
seismic hazards. The significance of the challenge
and the size of potential destruction are far more
pronounced for developing countries, the existing
infrastructures of which are known for their vari-
ability in seismic resistance and quality of con-
struction. The anticipation of a major earthquake
in the Istanbul area in Turkey raises dire concerns



Advances in Earthquake Risk Assessment and Hazard Reduction for ...

about potential size of damage and loss in this
densely populated region with a large inventory of
structures, lifelines, industrial and storage facili-
ties, and utility systems. The size of the problem
and the time constraint presses for adoption and
further development of a systems approach that
may lead to an effective, rapid, and economical
evaluation and mitigation methodology.

In this paper, the components of a large-
scale seismic risk assessment and hazard reduc-
tion methodology is presented including the re-
cent state of the art developments and contin-
ued research needs. The key components of the
overall methodology can be expressed in general
terms as (a) characterization of seismic demand,
(b) characterization of structural vulnerability,
(c) optimized retrofitting of structures to meet
the required performance levels. Each of these
areas contains several opportunities for collabo-
rative research activities.

In the area of seismic demand characterization,
development and maintenance of a database that
contains information about the seismic source
characteristics, geology, and seismicity of prior-
ity regions is necessary. An initiative to develop
a detailed hazard map combined with microzona-
tion studies that reveal detailed site specific infor-
mation regarding soil amplification, liquefaction,
and ground failure potentials, supported by GIS
capabilities would be highly beneficial in accurate
seismic demand characterization.

A realistic determination of the seismic vul-
nerability of the structural inventory in seismic
regions is the central component of a success-
ful risk assessment and hazard reduction efforts.
The initial step in such efforts is the development
of a structural inventory to establish the expo-
sure information. Construction of characteristic
fragility curves for typical structural categories
may be performed through pilot studies in small
representative areas. The primary research goal
in this area is rapid screening and prioritization of
structures for seismic retrofit. For this purpose,
the presented systems approach (see Fig. 12) may
form the basis for a refined and customized over-
all strategy, especially in view of the high vari-
ability in structural characteristics. Exploration
of vibration techniques may prove to be useful
in rapid characterization of buildings at system
level. Further research into advanced vibration
techniques could lead to development of an effi-
cient emergency management and response strat-
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egy.

Retrofitting of structures with insufficient seis-
mic resistance constitutes the most expensive
component of hazard mitigation efforts. Thus,
accurate identification of structures that are in
need of seismic retrofitting, and optimization of
the retrofit applications to achieve the required
structural performance levels at minimum cost
are critical economical issues. These issues are
dependent on the accuracy of seismic demand and
vulnerability characterizations to a large extent.
Research into evaluation of available conventional
and innovative retrofit options, with attention to
application specific issues as listed in respective
sections, is deemed essential. Recent advances in
computational resources, database management,
geographic information systems, sensor technol-
ogy, and efficient visualization techniques allow
for futuristic visions such as simulating the im-
pact of an earthquake at the scale of a city. The e-
quake research initiative at M.I.T. envisions sim-
ulating a city’s response to an earthquake by gen-
erating digital models of its urban infrastructure.
Key challenges of the e-quake system are man-
agement of information from multiple heteroge-
neous resources, and modeling of the interactions
between components of the complex dynamic ur-
ban infrastructure system. Although realization
of such a system may be a long-term objective, it
is meritorious for establishing a research frame-
work with well-defined collaborative research is-
sues. Addressing these issues at the present time
will undoubtedly serve the development of future
large-scale impact simulation systems that will
lead to more effective seismic risk assessment,
hazard reduction, and emergency management
practices.
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